Background: Lesions of the frontal lobes may impair the capacity of patients to control otherwise intact cognitive operations in the face of ambiguous sensory input or conflicting possible responses. Objective: To address the question of whether focal lesions in different regions of the frontal lobes produced specific impairments in cognitive control. Methods: We evaluated 42 patients with chronic frontal lesions and 38 control subjects on a modified Stroop test that allowed measurement of reaction times and errors. Planned, stratified analyses permitted identification of discrete frontal lesions that are critical for impaired performance. Results: Lesions of the left ventrolateral region produced an increased number of incorrect responses to distractors. Lesions of a large portion of the right superior medial region, including anterior cingulate, supplementary motor area (SMA), pre-SMA, and dorsolateral areas, caused a slow reaction time and a decreased number of correct responses to targets. Conclusion: Lesions in two distinct frontal regions impair cognitive control for a Stroop task, and the mechanisms of impairment are specific to the region of injury. This is support for a general proposal that the supervisory system is constructed of distinct subsystems.
Neuroimaging experiments have been employed in normal subjects to investigate the roles of various frontal regions, particularly the anterior cingulate and dorsolateral (DL) regions, in performance of conflict-loaded tasks. Anterior cingulate gyrus (ACG) activation rises in response to the cognitive effort of more controlled performances, 3, 6, 7 and activation is greater when the conflict is in response control than when conflict is enmeshed in the stimulus ambiguity. 8, 9 In response to ACG, activation rises in DL regions associated with setting S-R contingencies for a given task, 3, 10 particularly for a less automatic response. 3 This DL activation is primarily left sided, areas 9 3 and 44. 10 Some tasks with the higher working memory demands activate right or bilateral areas 9 3, 8 or 46/9. 7 These studies suggest a template for expectations about the effects of brain lesions, but the translation from fMRI findings to clinical findings is not always transparent. Confirmatory convergence with findings in lesion studies should clarify the significance of the model proposed through imaging. In addition, it is the only avenue for understanding the relevant consequences for a clinical population.
In this report we describe the effects of focal prefrontal cortex lesions on a task with complex S-R rules, requiring intense maintenance of attention across time and a challenging response suppression. Based on our previous studies [11] [12] [13] and on the models of interactions between distinct frontal regions suggested by fMRI studies, we had two predictions: 1) Setting the S-R rules should be sensitive to left ventrolateral (VL) lesions. Action schema theories suggest that some tasks require two S-R contingencies within a single action schema: one to set the more frequent prepotent responses and another to set the suppression of that response. If that is the mechanism of managing suppression, suppressing prepotent responses should also be sensitive to left VL lesions. 2) Initiating and sustaining plans for and execution of responses should be sensitive to superior medial lesions. "Activation" is a term that has come to have multiple meanings-physio-logic, hemodynamic, psychological, and behavioral-but we use it here only to specify the drive to prepare, initiate, and maintain attention to task and response.
METHODS Subjects. We tested 42 patients with frontal lesions and 38 nonpatient control subjects (CTLs), matched as closely as possible to the patients for sex, age, and education. All patients were at least 2 months (all but one past 3.6 months) post onset (mean ϭ 22 months; range ϭ 2 to109 months). Other inclusion criteria were absence of aphasia, visual neglect, and any other significant neurologic or psychiatric disorders; IQ within the normal range (patients [mean ϭ 108, SD ϭ 8.9]; CTLs [mean ϭ 112, SD ϭ 6.7]; all scores Ͼ90). All patients and CTLs gave informed consent in accordance with the Institutional Review Board requirements of the University of Toronto and Baycrest Centre for Geriatric Care.
All subjects responded with their dominant hand (40/42 patients used the right). None of the patients had weakness or impaired motor control. All subjects had normal color vision. Measures of neglect (line bisection and double simultaneous stimulation) were normal in the patients. To provide a measure of general intellectual ability, the National Adult Reading Test-Revised was administered. Other neuropsychological test measures included Digit Span forward and backward, Token Test of language comprehension, 14 Boston Naming Test, 15 Judgment of Line Orientation, 16 and Beck Depression Inventory. 17 The etiology of the lesions was an acquired acute disorder, including infarction, hemorrhage (including ruptured aneurysms with secondary infarction or intracerebral hemorrhage), trauma, and tumors. Patients with trauma had well-defined focal contusions and no or only brief loss of consciousness. All trauma patients were more than 5 months post onset (most more than 24 months) allowing for complete recovery from acute-phase factors such as edema or hemorrhage. Patients with tumors all had resection of meningiomas or low-grade gliomas, were tested more than 6 months post surgery, and had no evidence of recurrence. None had brain radiation. Whereas it would be preferable to create groups differing only in lesion site and not in etiology, it is impossible to gather patients with lesions in all frontal regions because different etiologies have predispositions for different regions 5 and the location of lesions is more critical than the etiology in determining cognitive deficits. 18 Etiology has had no effect on results in any of our previous reports with the same patient population. 11, 12, 19 The frontal patients were divided into the following anatomic classifications based on our previous research 12 : left lateral frontal (LL, n ϭ 11); right lateral frontal (RL, n ϭ 6); inferior medial (IM, n ϭ 15); superior medial (subjects in this group may have had extension into inferior medial; SM, n ϭ 10). Patients in the SM and IM groups could have lesions in either hemisphere or both. The lateral groups could include DL subcortical lesions involving deep frontal white matter and dorsal caudate. There were six patients (four RL, two SM) in whom pathology extended to nonfrontal structures, the nonfrontal extension being less than 10% of the entire lesion (range 3.3 to 8.1%, mean ϭ 6.1%. In one patient in the IM group, the nonfrontal extension was 35%). All lesions were localized with a standard template 20,21 using postacute CT in 61% and late MRI, relying predominantly on T1-weighted images, in 39%. Lesion size was quantified by superimposing the lesion contour for each axial slice on a constant pixel diagram and counting the number of pixels within the lesion area. The percentage of total brain area damaged was obtained by dividing the lesion count by the total pixel count for all axial slices.
The patients and CTLs reported in this study are identical to the groups in an earlier article except for omission of one patient (no. 2,151) and one CTL for whom data on this test were incomplete. Detailed summaries of demographic data and neuropsychological test results and the lesion maps of patients can be found in the earlier article. 19 Procedure. The test is a variant of the Stroop interference paradigm that uses very simple stimuli (designed by Jeff Toth, PhD) A series of letters was presented in the center of a 14-or 15-in color monitor, controlled by a personal computer (486 or Pentium). The subject sat approximately 16 in from the monitor. Programming was done on MEL2. The letters occurred at a rate of once every 3 to 4 seconds. The letters are either red or blue. The subject was asked to press Button 1 when either a red X or a blue O-the targets-appeared and press Button 2 for any other stimulus. Twenty-five percent of the stimuli were one of the targets; 25% were distractors (either a red O or blue X), and 50% were others (letters other than X and O in blue or red and also excluding the potentially visually confusing letters C, D, G, Q, K, and Y). There was an initial practice session with item-by-item feedback about accuracy and then another brief practice without feedback at the presentation rate of the actual test. There were then two blocks of recordings, each containing 102 stimuli; the first two are discarded.
Statistical analyses. The major dependent variables were reaction time (RT) and errors. A sequence of planned, repeatedmeasure analyses of variance (ANOVAs) evaluated the experimental effects. 12 Four separate ANOVAs compared each of the patient groups with CTL to determine if any patient group was behaving abnormally. For any group with significant difference from CTLs, a subsequent ANOVA compared that patient group with all the other patients combined to determine if the abnormality was specific to that group. All anal-yses of the reaction times were performed with and without a covariate of the simple RT measured in the same testing session. The covariate did not affect the results, and we report the statistics for the analyses with the covariate. We used a criterion for significance of p Ͻ 0.05. Errors were characterized as false positives, that is, responding to either other or distractor stimuli as targets with other and distractor analyzed separately, or as false negatives, that is, responding to targets as nontargets.
If the planned ANOVAs indicated impairment in one or more of the groups, a detailed lesion assessment was performed. This methodology is described in detail in earlier publications. 11, 12 Working from standard templates 20, 21 for frontal localizations in each patient, every Petrides-Pandya architectonic area 21 was coded as damaged (greater than 25% of its area) or not. Only areas that were in a group region identified as impaired compared with the CTL group and that were involved in three or more subjects were included. For each area thus identified, we compared the group of patients who had lesions in that area with all patients who had no damage to that area using t tests for both RT and errors. This approach maps the full range of the behavioral variable (the latency of the RT or the number of errors) on to different areas of the brain and identifies "hot spots," architectonic areas most related to the abnormal findings. It is susceptible to type 1 error because of the large number of comparisons, so the results therefore should be taken as suggesting a more precise localization rather than indicating it definitively. Claims for specific areas of localization will demand demonstration of consistency of localizations across studies and methods.
RESULTS Demographic variables. There were no major demographic differences between groups and no significant correlations between any neuropsychological measure and the dependent variables in the experimental task.
RT. There was a main effect of stimulus types in the direct comparisons of RT in all subjects (F[2, 138] ϭ 30.31,p ϭ 0.000); post hoc analysis revealed that RT for distractors was significantly longer than for "others." Every group showed expected the profile of RT interference: distractors greater than targets and both significantly greater than others. Our variation of the Stroop test produced the expected distribution of performance and can be considered generally informative about the Stroop effect. In pairwise comparisons with CTLs, only the SM group was slower than CTLs (F[2, 148] ϭ 8.839, p ϭ 0.000). A separate analysis of SM against the other frontal groups combined also demonstrated slowing (F[2, 80] ϭ 5.374,p ϭ 0.006). Post hoc analysis demonstrated significant interference effects for the SM group compared with CTLs for all stimuli and compared with the other patient groups combined for the distractor stimuli. The results are summarized in figure 1 .
The hotspot lesion analysis identified a large area of the right superior and medial frontal lobe that was disproportionately injured in patients with prolonged RT (all three stimulus types, correct re-
Figure 1
Mean reaction times
Mean reaction times with standard deviations for the three stimuli-targets, distractors, and others-for the five experimental groups. Analysis of differences is in the text.
sponses only). This area included ACG (areas 24 and 32) and areas 9/46, 9, and 6A as well as the left medial area 9 (figure 2). The absolute number of errors was not high, but CTLs and the RL and IM patients made so few errors that even a low rate of error in the left DL and SM groups was significant. False-positive errors occurred on a mean of 5.4% of the 50 distractor stim-uli in the left DL group. This is four times the rate in controls and three times the rate in the next highest patient group (SM, 1.8%). False-negative errors on targets occurred on 9% of the 50 targets in the SM group; this is three times the control rate (3%) and almost twice as frequent as in the next highest patient group (IM, 5.5%). The only difference between the two blocks in frequency of errors was an increase in false-positive endorsements of other stimuli as targets by the SM group in the second block (p ϭ 0.008 vs CTLs and p ϭ 0.001 vs other patients). The total number of these errors was small, but there were essentially no errors of this type made by any other group in either block, and the SM group's error rate increased fourfold from the first to the second block.
The parametric hotspot lesion analysis identified several contiguous regions of lesion in the left lateral frontal lobe that correlated with false-positive errors on distractor items: Petrides and Pandya designations of Brodmann areas 9/46v, 45, 47/12, and 6A ( figure 4 ).
Lesions in one confluent region of right medial frontal lesions correlated with errors on targets. This region included anterior and dorsal cingulate (areas 32 and 24) and pre-supplementary motor area (SMA) (area 9).
Figure 2
Cortical regions associated with prolonged reaction times Dark shading at a level of p Ͻ 0.05; light shading at a level of p ϭ 0.05 to 069.
The effect of responses prior to an error and the interaction of errors and RT can both potentially inform about response monitoring, but with only 200 stimuli and relatively low error rates, the variance was too great for analysis. DISCUSSION This paradigm contains the same essential demands as the classic Stroop task with the added information of measured RT and the variation that task demands can change from item to item unlike the classic Stroop, which is presented in a blocked manner. This test revealed the expected overall pattern of RTs: RTs for the "other" stimuli were significantly faster than for both the distractor and the target stimuli that require active discrimination, and rejecting distractors requires the longest consideration. That the stimuli are presented unblocked requires that the subject establish distinct anticipatory contingent response criteria; otherwise each stimulus requires analysis of features. The presence of distractors that share features with the targets requires suppression of one response and implementation of the correct response.
The SM group was significantly slower than CTLs on all stimuli and slower than other patients on distractors, even when controlled for underlying response speed on a simple RT. This demanding version of the Stroop test was affected by lesions in a very large region of right medial frontal lobe including ACG, SMA, and pre-SMA and of right DL frontal lobe. SM patients also made a large number of errors on this unblocked task. This error pattern and the prolonged RT suggest slowing or complete failure of the process of initiating behavior.
The left DL group made significantly more errors on the distractor items. We have demonstrated this difficulty with response bias and excessive falsepositive responses in other, much different, tasks. 11, 13 The error rate on the current task was not high, but in any unfolding task in real time, even occasional failures to control S-R parameters could ripple through a long complicated activity: driving in traffic, telling a story, planning a trip, performing a card sorting task, etc.
There have been relatively few prior studies of the effects of frontal lesions on cognitive control on Stroop or Stroop-like tasks. Some of these studies had limitations induced by the population selected or available for study: patients with poorly localized tumors 22 or patients who had undergone partial frontal lobectomies for seizure control in whom the pre-SMA and superior medial regions are uniformly involved but the VL regions almost uniformly not involved. 23 This limited literature supports our findings and hypotheses: left lateral lesions affect setting S-R contingencies and SM lesions affect initiation of response. Left frontal lesions affect "the efficiency of S-R associations under circumstances in which response specification is not trivial and subject to control errors." 23 Our group evaluated 37 patients with chronic frontal lesions (mostly infarcts with no overlap with the patient group in the current report) grouped as in the current study on the standard Stroop test. 24 Patients with lesions in the left VL region (areas 44 and 45) uniquely made errors on color naming (6% errors, largely commission). The SM group had significantly more errors (20%, both omission and commission) and overall slower RT on the incongruent task, and there was a strong association of errors with either left-or right-sided lesions in pre-SMA (area 6) and perhaps in dorsal ACG (24 and 32).
There have been even fewer studies of patients with lesions restricted to ACG as it is an uncommon isolated lesion site. In one report two patients with chronic lesions largely restricted to ACG were given a modified Stroop test. 25 The patient with a middle right lesion (area 24) had a reduction of the normal interference effect due to reduced preparedness to respond. The patient with the rostral left lesion (areas 24/32) had increased errors on the incongruent trials. Both patients had increased RTs and excessive errors on the trials with low frequency of incongruent stimuli, the condition that requires the greater executive control of responses. In another report, three patients with relatively isolated left- sided chronic ACG lesions 26 were given an unblocked Stroop test that had either high (80%) or low (20%) frequencies of incongruent stimuli. The patients had slower RTs but did not differ from CTLs on errors, interference effect, or sensitivity to congruence frequency. The essentially negative result from left-sided lesions suggests that the relative lateralization of deficits to right ACG lesions represents a real asymmetry in ACG function.
Functional neuroimaging studies of cognitive control. There have been many functional neuroimaging studies of Stroop-like tasks requiring response suppression. The studies vary substantially in experimental parameters from the standard Stroop test to more complicated procedures. Some utilize long S-R intervals or long interstimulus intervals to allow separate serial measures of activation after the stimulus or after the response. There are also investigations of tasks that make heavy demands on task setting without being specifically Strooplike. [27] [28] [29] These studies are broadly consistent with our findings in a patient population and suggest that the left VL region and the SM region, including ACG, must play different roles in these response suppression tasks. First, consider the left VL (areas 44 and 45) re-gion: DL activation (following ACG activation) rises in association with setting S-R contingencies for a given task, 3,10 particularly for less automatic responses. 3 This DL activation is primarily left sided, areas 9 3 and 44. 10 Serial scans after onset of incongruent stimuli have shown the earliest response in left VL followed by symmetric increases in DL and caudate. 30 The left VL region appears to set selective S-R criteria. Various complex manipulations of cuing to task switch and to criterion setting within task have also demonstrated that setting S-R criteria within a task activates left lateral regions, 31, 32 and the activation is greater for the less automatic (more demanding) task. Translation between languages has Stroop interference qualities that have been explored with PET scans on bilingual subjects as they either read or translated words in both blocked and unblocked (switching) trials. 29 The switching vs blocked comparison revealed activation in left VL frontal (area 44), perhaps representing the necessity of continuous setting of S-R criteria. Apparently simple word retrieval can be manipulated by requiring either an automatic response to a stimulus or a more effortful response to stimulus that requires suppression of the automatic response. 27 Three separate tasks all produced activation in left inferior frontal gyrus Cortical regions associated with false-positive errors on distractors Dark shading at a level of p Ͻ 0.05; light shading at a level of p ϭ 0.05 to 0.063.
(IFG) for the more effortful task. In a recent experiment designed to define the areas involved in switching between competing outputs, activation specifically related to switching was found in left IFG but not in ACG. Although the task was created to assess switching effects, 28 the authors describe the role of the left IFG as "critical for our ability to bias activation patterns in response to conflict that occurs when a strongly activated representation must be suppressed." During switch responses, left temporal regions show reduced activation, perhaps indicating active suppression by left IFG. (In a separate study of verb generation task with similar manipulations, patients with left VL lesions made more word retrieval errors when the less automatic response was required and more task errors compared with patients with left frontal lesions not involving the VL region. 33 There was no overlap between the left VL group and the other two lesion groups, and 90% of the variance in accuracy was accounted for by lesion volume in area 44.)
In a comprehensive review of all neuroimaging studies on task switching and on the Stroop test published from 2000 through 2004 with sufficient data for a meta-analysis, the merged localization maximas for both switching and Stroop were computed. 4 For the Stroop studies, the major localizations were in the left IFG (areas 44 and 6), apparently the critical region for updating task representations. The reinforcement of the lower probability S-R contingency against a dominant one within a task (the Stroop paradigm) requires this region's integrity.
Next, consider the superior medial/ACG regions. Three early PET studies of the standard Stroop task all demonstrated activation in the ACG during the incongruent block. [34] [35] [36] One study involved serial scans across the entire 15 minutes of testing and demonstrated steadily increasing ACG activation. 36 Another early PET study included an "anticipatory" scan performed after instruction for a task but before the task was actually presented. 37 ACG activation was seen during the anticipatory period; that is, simple preparation for the cognitive task may be sufficient to activate the ACG.
All fMRI versions of the Stroop task demonstrate increased activation in bilateral ACG compared with baselines, 3, 4, 30 but many demonstrate specific parameters that influence activation. Peak ACG activation may occur when a cue directs switching to a task with increased S-R complexity 10, 38 or when low rates of incongruence increase interference effect. 32 In the work of Cohen et al., ACG activation rises whether subsequent responses to incongruent stimuli are correct or not. 3, 6, 7 All of these studies suggest that the ACG activation reflects the effort required for the more controlled performance. ACG activation is greater when the conflict is in response control than when conflict is enmeshed in the stimulus ambiguity. 8, 9 Translation produces greater activation in bilateral ACG and SMA (and striatum and cerebellum) than reading, perhaps representing the extra resources required for translation. 29 In tasks requiring either response generation or suppression with a low rate (17%) or a high rate (83%) of conflicted S-R associations, bilateral ACG activation occurs during the low frequency blocks. 38 This result was interpreted as suppression of a more automatic response, but it could just as well be increased activation for the more demanding task.
In the meta-analysis of neuroimaging studies on task switching and on the Stroop, the second largest activations (after left VL, summarized above) were in bilateral superior medial cortex (areas 32/6 and 32/9). 4 The authors did not emphasize the bilateral ACG/pre-SMA region, but it is plausible that it serves as a general activator for any task that is demanding, even for preparation for the task.
Regarding our predictions: 1) Lesions of the left VL region (areas 44 and 45 and perhaps area 6) damage the capacity to establish the contingent relationship of stimuli to responses, particularly under conditions that require continuous refreshing and suppression of more salient responses. Setting and suppressing responses in these Stroop paradigms may be two sides of the same action schema function. This may be related to a more complex claim that left lateral frontal structures are critical for defining a set of responses for all nonroutinized tasks, including setting the response criteria for not responding-suppressing-a response. 39 We have demonstrated these same linked deficits-setting and suppressing-in the same population as the current study in a different task with similar demands for rapidly establishing S-R contingencies. 11 These results in a population with focal lesions converge with the evidence from neuroimaging studies but demonstrate, as only lesion studies can, that the left VL region is critical for these operations, not just involved. Why the left and why ventral and not dorsal? That is unclear. Perhaps humans always draft a rough verbal code for behaviors until they are practiced sufficiently to form a top-down action code, even when there is no explicit verbalization of S-R contingencies. On the other hand, the task goes too quickly to rely on an explicit verbal model, and left VL may be an important region for implementing all top-down action schemas. 39 Perhaps left VL connectivity through the "ventral stream" to temporal association cortex is critical for establishing object or word discriminative targets.
2) Lesions of the superior medial frontal lobes impair initiating and sustaining the response state. The extent of lesion required depends on the demands of the task, and it is possible that the right medial frontal region is more critical. This can be viewed as anticipatory preparation for a demanding task or as recruitment of greater attentional capacity to meet ambiguous or conflicted stimuli or to manage conflicting possible responses. We have demonstrated impairment in initiating and sustaining the response state in several other experiments in this same group of patients. 11, 12, 19 This conclusion is compatible with the known connectivity of the both the ACG 40, 41 and the SMA. 42 Both receive substantial sensory input from all posterior association centers. Both have bilateral projections to extensive prefrontal regions and striatum. Both receive major dopaminergic inputs from the ventral tegmental area that appear critical for general properties of cognitive and motor initiation. 43 The ACG responds in a relatively uniform physiologic manner to all forms of errors, effort, orienting, and response demands, and its activation is followed, in turn, by phase-locked activity in a wide variety of cortical sites. 44 When fatigue develops during a demanding task, there is a reduction of activity in ACG. 45 The ACG has functional subdivisions with specific patterns of connectivity from rostral to caudal 41,46 -affective, cognitive, motor, spatial, and mnestic-but much of the ACG role appears to be a general impetus to act-think, plan, or move-and to maintain that arousal for the duration of a task.
We propose that these findings are robust evidence for fractionation of capacities in the frontal lobes. The left VL region establishes S-R contingencies. The SM regions respond to internal and external drives to engage response systems. The supervisory system is the context-driven simultaneous operation of these localized subsystems.
